
Nuclear Astrophysics 

with low-energy RI beams 

Lecture by 

Hidetoshi Yamaguchi 

山口英斉
from 

Center for Nuclear Study (CNS), 

the University of Tokyo/

National Astronomical Observatory of Japan

NUSYS@Lanzhou



Lecture #2 

• How to perform RI beam experiments for 

astrophysical reactions?

• One method: thick target method in inverse 

kinematics

Principle

Application  7Be+a,25Al+p, 10Be+a 
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RIKEN

direct capture
Coulomb

dissociation

91AMeV

RIKEN
14O+Pb→
13N+p+Pb

Louvain la Neuve
13N+1H  14O+g

fragmentation 

ISOL - reacceleration 

Decrock et al., Phys. Rev. Lett. 67, 808 (1991)

Motobayashi et al., 
Phys. Lett. B 264, 259 (1991).
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Direct measurement of astrophysical (capture) reactions 
with unstable nuclei…

• Works for at least relatively intense RI beams, such as  
(13N, 7Be).

• But still not easy for others, such as 15O(a, g), because 
of the low RI beam intensity/reaction cross section.

Then, what can we do?

1. Use “indirect” methods (Coulomb dissociation, ANC, 
Trojan Horse Method, …)

2. Use TTIK (Thick target in inverse kinematics, I will 
discuss on this)

• Direct measurement with a thicker target ⇒More 
efficient measurement. 

• Resonant scattering⇒High cross section (~100 
mb/sr), to study resonances.



Features of (ideal) inverse kinematics:

Heavy ion as the beam…keep going forward.

Light ion as the target…tend to be scattered to 
forward angle (compared to the normal kinematics). 

Inverse kinematics

1. Inverse kinematics at RI-beam production…The 
produced RI is already like a beam (cf. ISOL). 

2. Inverse kinematics at scattering/reaction 
measurement…discussed later.
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The method…TTIK

• W.W. Daenick and R. Sherr (1963) “thick target method” 
12C(p,p).

• K.P. Artemov et al., (1990)

Thick-Target with Inverse Kinematics
12C beam into thick helium (a) target

Normal 
method

TTIK method
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The thick-target method 

in inverse kinematics

Measurement is possible for 

short-lived RI which cannot be 

used as the target. 

Ecm=Ebeam *At/(Ap+At) ≪ Ebeam

Measurement can be at low 

energy with high resolution.

 Simultaneous measurement 

for a certain energy range.(No 

need to change beam 

energy.)

The beam can be stopped in 

the target…measurement at 

qcm=180o is possible. 

Measurement of 

resonance scattering
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Resonant reaction

• Sometimes the reaction is 

dominated by resonant 

reactions.

• We only need to know 

resonance parameters (E, G, Jp) 

and apply the resonant reaction 

formula:
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If Ga<<Gb, the integrated c.s. ∝ Ga Gb /(Ga + Gb)~ Ga

(Gg<<Gp for low-energy (p,g) reactions.) 



Breit-Wigner formula

• Atomic Breit-Wigner:

Lorentz function

• Breit-Wigner for nuclear resonant reaction:
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Resonant elastic scattering

• Elastic scattering 

At energies far below Coulomb barrier…Simply 

Rutherford scattering. Cross section is higher at low 

energies and forward angles. 

At higher energies… interference of Coulomb and 

nuclear potential … “resonances” can be observed in 

the excitation function. 
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7Li+a/ 7Be+a study

• 7Li(a,g)11B …important at high-T, as a 

production reaction of 11B (the n-process in 

core-collapse supernovae).

• 7Be(a,g)11B … one of the reaction in  hot p-p

chain, relevant at high-T. 

• a-cluster structure in 11B/11C :

• 2a+t / 2a+3He cluster states are known to 

exist (similar to the dilute cluster structure 

in 12C.)

• Several “bands” which have a-cluster 

structure could be formed. We can study 

the band and cluster structure more in 

detail.
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7Be(a,g) in supernovae

np-process calculation (T9>1) shows considerable 

contribution by 10B(a,p)13C and 7Be(a,g)11C as much 

as the triple-alpha process.

H. Yamaguchi@NUSYS2019

S. Wanajo et al., Astrophys. J (2010)
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Setup for 7Li/7Be+a

• Thick target method with 
inverse kinematics …An 
efficient method to measure 
excitation function.


7Be beam is monitored by a 
PPAC (or an MCP detector).  


7Be beam stops in a thick 
helium gas target (200 mm-
long, 1.6 atm). 

Recoiled a particles are 
detected by DE-E counter
(10 mm and 500 mm Si 
detectors) at forward angle.

 NaI array for g-ray
measurement (to identify 
inelastic events).



7Be+a Excitation functions

• 4 excitation functions… new information on resonant widths, 

spin, and parity.  H. Yamaguchi et al., PRC (2013).
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Resonant contribution to 7Be(a,g)

• Small but not negligible contribution 

compared to lower-lying states (~10%).
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(Rotational) bands in 11C

• 2 rotational bands 

(K=3/2+,5/2+) were 

suggested in Soic et al. 

(2004).

• Jp=9/2+ was assigned 

for the resonance at  

12.4 MeV, and it can 

be the member of 

K=3/2+ band.

• A negative-parity band 

is proposed.
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The mirror: Interpretation of 

the negative-parity band 7Li+α=11B
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Direct measurement of (a, p) reactions

• 11C(a,p)14N@CRIB [S. Hayakawa et al., PRC 93, 

065802, (2016)]
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An important alpha-induced reaction as a bypass 
of the 3α process in explosive hydrogen-burning 
processes.

Reactions to excited levels identified by TOF 
information
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Limitation of the TTIK for astrophysical reaction 

studies

• Resonant scattering: Very striking experimental method 

available even with kHz-order RI beams (thanks to the large 

cross section) and suitable for resonance search, however,… 

We cannot access the low energy close to the threshold

where the Coulomb scattering dominates.

Ga or Gp can be determined (if they are large), but we need 

another partial width (such as Gg) to determine reaction cross 

section. 

• Direct reaction:

Still the yield may not sufficient for capture reactions at low-

T, but we can study (a, p) reactions at explosive stellar 

environments, for example. 

• As a common problem, the reaction/scattering channel we 

observe must be the dominant one. (i.e. we may have 

backgrounds by reactions producing the same particle, such as 

inelastic scattering, break up reaction, and fusion 

evapolation)…this problem can be solved with an active target.  



Idea of exit channel scattering

• 22Mg(α,p)25Al reaction study by 
22Mg+α resonant scattering:

resonances just above the 
22Mg+α threshold cannot be 

accessed, due to the dominance 

of Coulomb scattering

• 22Mg(α,p)25Al reaction study by 
25Al+p resonant scattering:

Coulomb scattering cross section 

is low enough at the 22Mg+α 

threshold, we can study 

resonances
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Measurement of 25Al+p elastic scattering relevant to 

the 22Mg(α,p)25Al reaction

Jun Hu, X.D. Tang, S.W. Xu, L.Y. Zhang, S.B Ma, N.T. Zhang, J.J. He, 

H. Yamaguchi. K. Abe, S. Hayakawa, L. Yang, H. Shimizu, D. Kahl, 

T. Teranishi, J. Su. H.W. Wang, B. Guo et al.,

Institute of Modern Physics, Chinese Academy of Sciences,

CNS, the University of Tokyo,

National Astronomical Observatories,

The University of Edinburgh,

CIAE, SINAP

Courtesy of Dr. Hu Jun@IMP



14O(a,p)17F(p,g)18Ne(a,p)21Na(p,g)22Mg(a,p)25Al

(p,g)26Si(a,p)29P(p,g)30S(a,p)33Cl(p,g)34Ar(a,p)37K(p,

g)38Ca(a,p)41Sc

1.1 ap-process in Type I X-ray bursts 

(a,p) reactions：

14O(a,p)17F         18Ne(a,p)21Na

22Mg(a,p)25Al     26Si(a,p) 29P

30S(a,p)33Cl        34Ar(a,p)37K

38Ca(a,p)41Sc

X-ray burst
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Rank ap-process reaction Source of reaction rates adopted by 

multi-zone model

1. 22Mg(a,p)25Al Non-SMOKER

2. 14O(a,p)17F Hahn et al. PRC 54 (1996) 1999

3. 18Ne(a,p)21Na Matic et al. PRC 80 (2009)055804

4. 26Si(a,p)29P Non-SMOKER

5. 30S(a,p)33Cl Non-SMOKER

6. 34Ar(a,p)37K Non-SMOKER

7. 38Ca(a,p)41Sc Non-SMOKER

(a, p) reactions that impact the burst light curve in the 

multi-zone x-ray burst model.

Ref: Cyburt et al., ApJ, 830 (2016) 55

22Mg(a,p)25Al could be the most sensitive reaction in the αp-process and may 

have a prominent impact on the burst light curve.

1.2 Sensitivity study to the light curve of X-ray burst 

Hu et al. PRC 90 (2014) 025803

He et al. PRC 88 (2013) 012801

D. Kahl et al. PRC 97 (2018) 

015802 
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1.3 The effect of 22Mg(a,p)25Al on the X-ray burst light curve

Cyburt et al., ApJ, 830 (2016) 

55

Change in multi-zone model X-ray burst light curves induced by variation of 

the 22Mg(a,p)25Al reaction up (Up rate 100) and down (Dn rate 100) 

The 22Mg(α,p)25Al

reaction has a

sizeable impact on

the abundance of
22Na, as well as the

isotopic anomalies

of 20Ne/22Ne ratio

found in meteorites.
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2.2  Status of level properties in 26Si 

All the previous measurements didn’t touch the astrophysical 

interested energy region. 

Experimental 

technique

E res Jp Gp 0 Gp  Ga

-delayed 

proton 
measurement 

of 2 6P Thomas 
et al.  2004


Ex>10 MeV



Shell model 

calculation

  

2 8Si(p,t)26Si

Matic et al.  
2011


Ex<10 MeV



Analog state 

assignment

  

2 5Al+p 

scattering 
measurement 

above the a
threshold of 26Si

(will be done)



Excitation 

function 

measurement



R-Matrix 

fitting


25Al (p, 

p)25Al


25Al (p, p)25Al


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The 22Mg(α,p)25Al reaction rate as a function of the temperature for the Hauser-Feshbach

predictions TALYS and non-SMOKER

2.3 Status of 22Mg(a,p)25Al astrophysical reaction rate 

The shaded area is the 

uncertainty of a factor 

100 based on Non-

SMOKER calculation.

Large difference 

between the 

experiment and 

theoretical calculation.
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Experimental 

Setup at F3 focal 

plane

25Al beam: 

2 x 105 pps, 80% 

purity
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Particle Identification for the Recoiling Particles

Si telescope @ 

0

H. Yamaguchi@NUSYS2019



1H(25Al, p)25Al Excitation Function @ 0
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Si telescope @ 

0

Preliminary R-Matrix Fit Result

1. We observed 13 resonant

states in 26Si.

2. The spin parities of 5

states above the a threshold

were determined for the

first time (in the present

tentative analysis).
a threshold
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Morinaga (1956) and linear chain

• Discussed on 4n-nuclei based on the alpha particle model

• Predicted linear-chains in 12C, 16O, etc., from their high 

momenta of inertia.

• It was shown in later studies that the Hoyle state is NOT a 

linear-chain state.
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Experimental evidence?
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There had been several “experimental evidences” of linear
chain states reported, but with rather weak reasoning,
typically based on the high momentum of inertia.

Chevallier et al. (1967),
Ex>17 MeV states in 16O:

“The only conceivable
structure with such a
moment of inertia is of four
a’s laid out in a string and
rotating rigidly.”



10Be+a
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• Linear-chain cluster levels in 14C

were predicted in Suhara & En’yo

papers.

• Asymmetric, 10Be+a configuration 

…likely to be observed with 
10Be+a alpha-resonant scattering.

• May form a band with Jp=0+,2+,4+ 

a few MeV above a-threshold. 

• Scattering of two 0+ 

particles…only l-dependent 

resonant profile.

Similar experiments independently 

conducted by Birmingham group [M. 

Freer et al., PRC 2014] and MSU 

group [A. Frisch et al., PRC 2016]  



Cluster bands

• Predicted energy…few MeV above the 10Be+a

threshold 
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Experimental setup

Thick target method in inverse kinematics,

similar to the previous 7Be+a.

•Two PPACs for the beam PI, trajectory, number of particles.

•Two silicon detector telescopes for recoiling a partciles.

•Ecm and q obtained by event-by-event kinematic reconstruction.
H. Yamaguchi@NUSYS2019



Excitation function

• The excitation function 
we obtained for 13.8-
19.2 MeV exhibits 
many resonances.

• R-matrix analysis 
performed, and some 
of the resonance 
parameters (E, Jp, Ga) 
were determined.
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Result of the linear chain search

Excellent agreement 

between exp. and 

theory for the (0
+
, 

2
+
, 4

+
) states.
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Rotational Band

The set of resonances we  
observed (0+, 2+, 4+) is 
proportional to J(J+1) … 
consistent with a view of 
rotational band.

Also perfectly consistent 
with the theoretical 
prediction. 
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Partial width qa
2

Experimental qa
2  by Ga/Gw

Theoretical qa
2 by overlap of 

AMD and Brink wavefunctions.  

Experimental uncertainties (beyond 
the error bars):

-Mixing ratio of the (5-, 4+) doublet

-Neutron width 

-Additional resonance

Theoretical uncertainties:

-Radial motion of the α particle

-Rotational motion of the10Be 

-Fragmentation of the state, 
coupling with other configurations. 
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Experiments in other facilities

Results on two other 10Be+a TTIK 

experiments were published before our 

publication was made. 

• M. Freer et al., Phys. Rev. C (2014) 

Birmingham group+ at ORNL

• High-intensity 10Be beam, 

spectrum at very forward angle, 

no PI 

Agreement over Ex>16 MeV, in 
spite of the difference in the 

absolute c.s.

• A. Fritsch et al., Phys. Rev. C (2016)

MSU group at Notre Dame 

• Low-intensity 10Be beam, Active 

target, only side angles.  

Cannot compare directly, but not good 

agreement?

Ecm=Ex-12 MeV
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Baba and Kimura (2016 & 2017)
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-bond p-bond

Another AMD calculation,

“-bond” linear chain band, consistent with 3 experiments

“p-bond” linear chain band at higher energy (studied by Peking 
Univ. group).



How certain are the linear-chain states?

• Identification of the 0+ state…1- was excluded with 3

significance, but the error can be systematic.

Limited statistics and angular range

Background subtraction

Inelastic scattering? 

• We planned the 4th experiment at INFN-LNS 

(Catania, Italy):

With offline-production 10Be beam

Inelastic scattering separation with TOF.

⇒Performed in Oct., 2018.
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The “CHAIN” experiment at INFN-LNS (Catania, Italy)

10Be+α with more intense beam, higher energy and angular 
resolution: ~2 weeks beamtime.



Experiment at Catania, Oct. 2018



Result (very preliminary)

CRIB                     vs                LNS(Tandem) 

@5 deg, No normalization for the 
effective target thickness/absolute 

cross section yet 

Including 0-8 deg events 
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Summary of Lecture #2

• Resonant scattering with TTIK…very striking 

method to study nuclear resonances, suitable 

even for low-intensity RI beams.

• Physics cases:


7Be+a … for 7Be(a,g) reaction in core-

collapse supernovae


25Al+p…for 22Mg(a,p) reaction, relevant in 

X-ray bursts 


10Be+a… special linear-chain cluster state
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Homework (In-flight RI beam)

[1] A 7Be beam is created by the in-flight method, using a 7Li beam 

(mass: Mb) at an energy of  Eb and a hydrogen (Mass Mt) target. 

How much is the maximum angle deviation of the produced  7Be 

particle from the original 7Li beam trajectory? 

For simplicity, you can assume

-The maximum angle deviation occurs when  𝜃c.m. is close to 90°.

-Q-value in the production reaction (p,n) is negligible. (7Li/7Be 

masses are the same.)

-The energy loss in the target is ignorable.

Hint) You can use the formula,  cos𝜃lab =
𝑥+cos𝜃c.m.

1+𝑥2+2𝑥cos𝜃c.m
2
, 𝑥=

Mb

Mt
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Homework

[2]  When the 7Li beam energy is Eb = 10MeV/u (~70 MeV) 

and 7Be produced with the angle q lab < 3° is accepted, how 

much is the energy spread △ Ee/Ee? Here we define △ Ee as 

the energy difference of the 7Be beam particle at 0° and 3°. 

Hint) Consider energy

-momentum conservation.
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Homework (TTIK)

[1] Suppose we make a scattering experiment by irradiating a beam 

(kinetic energy Eb , mass Mb) onto a target (Mass Mt). Show that the 

center-of-mass energy Ec.m. (energy of the system in the center-of-

mass frame) at the scattering is given by the following formula for 

non-relativistic energy:

Ec.m. =
Mt

(Mb+Mt)
Eb

Hint) In c.m. frame, the sum of the momentum vectors will be zero.

Note) This result implies that the Ec.m. resolution can be better than 

the uncertainty of the beam energy in the inverse kinematics 

condition, Mb > Mt. 

H. Yamaguchi@NUSYS2019



Homework

[2] In the resonant scattering experiments in inverse 

kinematics, we measure the energy and the angle of the 

recoiling ion, Er and q. First we consider a thin-target case, 

where the energy loss in the target is negligible.

Assuming the particle masses and the beam energy Eb are 

known, how do you obtain the Ec.m. of the scattering events 

from the measured quantities? 

a) Before scattering

b) After scattering
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Homework

[3] How the formula can be modified when we use a thick-

target in which the beam energy is significantly degraded. 

(Can we still obtain Ec.m. from the measured Er and q ?)

[4] What are the advantages and disadvantages of the TTIK 

(thick-target in inverse kinematics) method, as compared to 

the traditional, normal kinematics method?

H. Yamaguchi@NUSYS2019


